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Ultramicropore engineering by dehydration to enable molecular 
sieving of H2 by calcium trimesate 
Soumya Mukherjee,[a] Shoushun Chen,[a,b] Andrey A. Bezrukov,[a] Matthew Mostrom,[c] Victor V. 
Terskikh,[d] Douglas Franz,[c] Shi-Qiang Wang,[a] Amrit Kumar,[a] Mansheng Chen,[e] Brian Space,[c] 
Yining Huang*[b] and Michael J. Zaworotko*[a] 
 
Abstract: The high energy footprint of commodity gas purification and 
ever-increasing demand for gases require new approaches to gas 
separation. Kinetic separation of gas mixtures through molecular 
sieving can enable “ideal” separation through molecular size or shape 
exclusion. Physisorbents must exhibit just the right pore diameter to 
enable such ideal separation, but the 0.3-0.4 nm range relevant to 
small gas molecules is hard to control with precision. Herein, we 
report that dehydration of the ultramicroporous metal-organic 
framework Ca-trimesate, Ca(HBTC).H2O (H3BTC = trimesic acid), 
bnn-1-Ca-H2O, affords a narrow pore variant, Ca(HBTC), bnn-1-Ca. 
Whereas bnn-1-Ca-H2O (pore diameter 0.34 nm) exhibits ultra-high 
CO2/N2, CO2/CH4 and C2H2/C2H4 binary selectivities, bnn-1-Ca (pore 




 and H2/N2 under 
cryogenic conditions. Ca-trimesate, the first physisorbent to exhibit 
H2 sieving under cryogenic conditions, could be prototypal for a 
potentially general approach to exert precise control over pore 
diameter in physisorbents. 
Introduction 
Whereas the $5.7 trillion/annum chemical industry accounts for 
ca. 7% of World GDP,[1] its energy footprint, which is driven by the 
separation/purification processes of chemical commodities,[2] 
represents ~15 % of global energy consumption.[3] Further, a 
three-fold increase in demand for commodities is projected to 
occur by 2050.[2] The high energy footprint of commodity 
purification processes results from their reliance upon energy-
intensive methods such as cryogenic distillation, chemisorption, 
and azeotropic solvent extraction.[4] Gas mixture separation and 
purification can be particularly energy consuming if the 
components to be separated exhibit similar physicochemical 
properties. To address energy sustainability in what is now the 
“Age of Gas”,[2] adsorption technologies using porous solids are 
recognised as promising alternatives to the traditional 
approaches.[5] Among porous solids, physisorbents exemplified 
by metal-organic materials (MOMs),[6] also known as metal-
organic frameworks (MOFs),[7] are particularly attractive since 
they require relatively low energy for recycling/regeneration[8] and 
they are modular and therefore fine-tuneable with respect to pore 
size and chemistry. The matter of pore size and chemistry is key 
to the design of task-specific physisorbents since sorbate-sorbent 
interactions drive the separation performance through one of the 
four known mechanisms: enthalpic, kinetic, entropic and 
molecular sieving.[9] In this context, the oft-encountered trade-off 
between sorption selectivity and regeneration energy can be 
overcome by molecular sieving as it can offer near-ideal sorption 
selectivity. This is thanks to size-exclusion rejection of all larger 
molecules by a physisorbent that features pores of dimensions 
which only enable sorption of the smallest molecule in a gas 
mixture.[10] Specifically, to separate a pair of gas molecules, the 
pore diameter must be intermediate between the kinetic diameter 
of the two molecules in question. When sorbate pairs exhibit 
similar molecular dimensions then exquisite control of pore size is 
required, a matter which poses a grand challenge in separation 
science. Indeed, whereas > 75,000 MOFs are now reported,[11] 
even for the highly studied sorbate pair CO2 and C2H2, < 20 MOFs 
have been reported to function as molecular sieves (Table S6). 
To our knowledge, an H2 selective molecular sieve has not yet 
been reported. 
In principle, ultramicroporous (pore size < 0.7 nm[12]) sorbents that 
are modular in structure and therefore amenable to crystal 
engineering can address this challenge as exemplified by new 
benchmarks for the following separations: CO2/N2;[13],[14],[15],[16] 
C2H2/C2H4;[17],[18] C2H4/C2H6;[19] propane/propylene[20],[21] and 
linear/branched hexanes.[22] However, precise pore diameter 
control in the ~ 0.3-0.4 nm range relevant to small gas molecules 
such as H2, N2, CH4, CO2 and C2 hydrocarbons remains a largely 
unmet challenge with the exception, perhaps, of hybrid 
ultramicroporous materials.[23] 
Results and Discussion 
To address the low end of this pore diameter range where H2 
sieving might be feasible, we conducted a survey of MOF crystal  
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Figure 1. a-c The three phases of Ca-trimesate viewed along the crystallographic a-axis: (bnn-1-Ca-H2O)·H2O, bnn-1-Ca-H2O and bnn-1-Ca, respectively. d 
Thermogravimetric analyses of the Ca-trimesate phases. e Comparison of in-situ PXRD patterns (synchrotron radiation,  = 0.82455(2) Å) of the Ca-trimesate 
phases with their respective calculated patterns [(bnn-1-Ca-H2O)·H2O[24] and bnn-1-Ca-H2O,[25] bnn-1-Ca: current report]. f 1H−13C CP/MAS SSNMR spectra and 
corresponding 43Ca MAS SSNMR spectra of bnn-1-Ca-H2O and bnn-1-Ca are illustrated in left and right, respectively (acquired at a magnetic field of 21.1 T and 
spinning frequencies of 18.0 kHz for 13C and 5 kHz for 43Ca NMR spectra). The 13C resonances can be divided into two parts: phenyl carbons and carboxylate 
carbons based on their chemical shifts. The minor resonances (denoted *) indicate new signals that appeared after activation. The symbol “δ” on the right denotes 
chemical shift values. The 43Ca MAS NMR spectrum of (bnn-1-Ca-H2O)·H2O is adapted with permission from John Wiley and Sons.[26] 
 
structures and selected to study a metal-carboxylate 3D MOF that 
features bnn topology, [Ca(HBTC).H2O].H2O (H3BTC = 1,3,5-
benzenetricarboxylic acid), (bnn-1-Ca-H2O)·H2O. Despite its 
discovery in 1997,[24] and a follow-up report on solvent-dependent 
calcium trimesates,[25] that  studied (bnn-1-Ca-H2O)·H2O and its 
partially activated form bnn-1-Ca-H2O, these MOFs and their fully 
dehydrated derivative remain unexplored with respect to their gas 
sorption properties (Figure S1), a matter we address herein. 
Ca-trimesate exhibits three distinct phases: the hydrothermally 
prepared as-synthesised phase (bnn-1-Ca-H2O)·H2O, bnn-1-Ca-
H2O and, reported herein for the first time, its anhydrate, bnn-1-
Ca (Figures 1a-c; synthetic details are given in Supporting 
Information). (bnn-1-Ca-H2O)·H2O is comprised of two types of 
water molecule, water of hydration and aqua ligands (Figure S2). 
The as-synthesised phase was activated in vacuo at 333 K and 
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Figure 2. a-b Ambient temperature single-component gas sorption isotherms recorded on bnn-1-Ca-H2O. c Ambient temperature and pressure (1 bar) experimental 
column breakthrough curves for bnn-1-Ca-H2O: CO2/N2 (15:85), CO2/CH4 (1:1) and C2H2/C2H4 (1:1) gas mixture separations. d-f Comparison of the metal-organic 
physisorbents that exhibit CO2/N2, CO2/CH4 and C2H2/C2H4 molecular sieving in terms of ambient temperature/pressure saturation uptakes (1 bar/298 K) vs. their 
qualitative IAST selectivities. 
 
(for details, see Supporting Information). Thermogravimetric 
analysis (TGA) data are consistent with the aforementioned 
compositions (Figure 1d, Figure S3). TGA also indicated that bnn-
1-Ca-H2O and bnn-1-Ca are stable to temperatures up to 363 K  
and 578 K, respectively. Exposure of bnn-1-Ca to ambient 
laboratory conditions (294 K, 53% RH) over 10 h resulted in 
regeneration of (bnn-1-Ca-H2O)·H2O (Figures S1, S4). The high 
thermal stability of bnn-1-Ca was confirmed from in-situ 
synchrotron powder X-ray diffraction (PXRD) data obtained from 
beamline i11[27] at the Diamond Light Source at 423 K (Figure 1e). 
The structure of bnn-1-Ca was determined from this data (Figure 
S5, Table S1). Particle size distribution analysis revealed mean 
diameters of ca. 5.5 μm and 5.0 μm for bnn-1-Ca-H2O and bnn-
1-Ca, respectively (Figures S6−S8). 
The transformation from (bnn-1-Ca-H2O)·H2O through bnn-1-Ca-
H2O to bnn-1-Ca was studied by 1H−13C CP/MAS and 43Ca MAS 
SSNMR spectroscopy (Figure 1f). SSNMR spectroscopy is 
sensitive to short-range structural differences and can be used to 
investigate local structural changes in the organic ligands and 
metal centre’s of MOFs.[28] The 13C spectra in Figure 1f (left) 
feature two groups of three resonances. The group containing the 
three leftmost (high-frequency) resonances corresponds to 
chemical shift values between 170 and 180 ppm within the 
carboxyl range, which are assigned to the carboxylate carbon 
atoms coordinated to Ca(II) centres. The three 13C carbonyl peaks 
indicate that the three carboxylate groups in the HBTC ligand is 
inequivalent, which is consistent with crystal structure (Figure S9). 
The rightmost (low-frequency) group of resonances exhibits 
chemical shift values of ca. 130 to 140 ppm and is assigned to the 
three unique phenyl carbon sites. 
After activation under vacuum at 423 K for two hours, the 13C 
resonances in bnn-1-Ca become slightly broader, which is 
ascribed to a distribution of local environments originating from 
ligand disorder. When the activation time was increased to five 
hours, the 13C resonances of all carboxylate carbons and phenyl 
carbons significantly broadened blended with the baseline, 
reflecting a substantial increase in ligand disorder. In addition, 
several new minor resonances emerge; three are within the 
phenyl carbon region, while one small new resonance appears at 
183.0 ppm along with an obvious shoulder on the low-frequency 
side of the 173.8 ppm main peak, both of which are within the 
carboxylate shift range. The new peaks correspond to a different 
orientation of the static disordered ligand. A similar situation has 
been reported in other MOFs.[29] In general, 13C spectral study of 
activation indicates substantial disorder among the ligands in Ca-
trimesate, with disorder increasing as activation time is extended. 
The natural abundance 43Ca MAS NMR spectrum of (bnn-1-Ca-
H2O)·H2O in Figure 1f (right) features a single resonance at ca. 
−3 ppm, indicating that there is only a single Ca site in the unit cell 
of (bnn-1-Ca-H2O)·H2O, which is eight coordinated.[26] After 
activation for 2 h, the 43Ca resonance is of similar width but is 
shifted to ca. −5.9 ppm, suggesting a major chemical change at 
Ca as would occur via the loss of coordinated water molecules as 
the eight-coordinate CaO8 site transformed to a coordinatively-
unsaturated Ca site with a CaO7 local environment. After 5 h 
activation, the single 43Ca resonance remains at ca. −5.9 ppm but 
is much broader and of lower signal-to-noise ratio (S/N), 
confirming that local disorder exists about the single chemically 
unique Ca site. The local structures suggested by 43Ca and 13C 
NMR experiments are therefore consistent with each other and 
diffraction data. 
In order to probe the reversibility of the activation process, a 5 h 
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Figure 3. a Pure gas sorption isotherms for bnn-1-Ca under cryogenic 
conditions. b H2/CO2 and H2/N2 equimolar mixtures based qualitative IAST 
selectivities for bnn-1-Ca. IAST calculations are qualitative because of 
molecular sieving.[30] c Qst(CO2) profile for bnn-1-Ca-H2O plotted vs. Qst(H2) 
profile for bnn-1-Ca. d Pore size distribution for bnn-1-Ca-H2O and bnn-1-Ca. 
 
weeks. 13C and 43Ca NMR spectra were collected for the air-
exposed sample and found to be nearly identical to those of (bnn-
1-Ca-H2O)·H2O. It appears that the disordered local structure in 
bnn-1-Ca resulting from the activation process adsorbs moisture  
from air, enabling the local structure to revert to its highly ordered 
structure in (bnn-1-Ca-H2O)·H2O. 
Analyses of the crystal structures of the three forms of Ca-
trimesate (Figures S10, S11) revealed that, whereas (bnn-1-Ca-
H2O)·H2O, which features both water molecules of hydration and 
coordinated aqua ligands, has no guest-accessible void, bnn-1-
Ca-H2O exhibits a pore diameter of 3.4 Å and bnn-1-Ca exhibits 
an unexpectedly lesser pore diameter of 3.1 Å (Figures 1b, 1c). 
The pore diameter reduction occurs because dehydration of bnn-
1-Ca-H2O was accompanied by a subtle structural change in 
which the HBTC2- ligands bend along the porous channel and 
cause a lateral contraction of the ultramicropore. Both pore 
dimensions lie at the low end of guest-accessibility in 
ultramicropores where sieving behaviour for lightweight gases 
such as H2, N2, CH4, CO2 and C2 hydrocarbons might occur 
(Figure 5a). 
To evaluate the sorption/separation properties of the two porous 
Ca-trimesate phases, their volumetric pure gas isotherms at low 
temperatures were collected. bnn-1-Ca-H2O (Figure 1b) exhibits 
a Type I CO2 isotherm at 195 K whereas N2 at 77 K and CH4 at 
195 K both suggest that bnn-1-Ca-H2O is non-porous to these 
gases at the measured conditions (Figure S12). H2 isotherms 
were recorded under cryogenic conditions (77 and 87 K) and 
exhibit similar Type I isotherms (Figure S13). The CO2, CH4 and 
N2 isotherms at 298 K and 273 K for bnn-1-Ca-H2O (Figure 2a, 
Figure S14) indicate Ideal Adsorbed Solution Theory (IAST) 
selectivities for CO2/N2 (1:99) and CO2/CH4 (1:1) (Figures 2d-e; 
Figures S15, S16) typical of a molecular sieve, a rarity among CO2 
selective sorbents (Table S6). On the other hand, the C2 
hydrocarbon sorption isotherms of bnn-1-Ca-H2O at 298 K and 
273 K revealed stepped C2H2 isotherms, a signature of 
flexibility,[31] and molecular sieving selectivity over C2H4 and C2H6 
(Figures 2b, 2f and Figures S17, S18, S19). Dynamic column 
breakthrough (DCB) experiments were conducted using a fixed-
bed column of bnn-1-Ca-H2O and three inlet gas mixtures with 
fixed compositions (v/v): CO2/N2 (15:85), CO2/CH4 (1:1) and 
C2H2/C2H4 (1:1). The respective breakthrough times confirmed 
that effective separations had occurred for each of the three gas 
mixtures (Figure 2c) with the smaller gas molecule eluting last in 
each case. Unlike the negligible uptakes of N2, CH4 and C2H4 
observed in the corresponding single-component isotherms 
(Figures 2a,b), the prolonged retentions in DCB experiments 
(Figure 2c) revealed higher adsorbed amounts. That these larger 
molecules do not entirely get blocked is in agreement with the 
indication of structural flexibility of bnn-1-Ca-H2O (Figures 2b, 
S17), likely compounded with slow sorption kinetics. 
bnn-1-Ca features the narrowest pore diameter (Figure 1c) and 
was found to be nonporous to all gases tested except H2 and Ne 
at 77 and 87 K (Figure 3a). Ne adsorption isotherms at 77 K and 
87 K were recorded up to ∼159 and 155 mmHg respectively, the 
saturation vapour pressures (P0) of Ne at these two temperatures 
(Figure S20). IAST selectivity calculations for H2/CO2 (SHC) and 
H2/N2 (SHN) under equimolar compositions afforded ultra-high 
selectivities of ca. 104 (Figure 3b) that are consistent with 
molecular sieving. 
The effect of water content on the sorption properties of the two 
porous Ca-trimesate phases is profound. Both phases are non-
porous to N2 at 77 K and CH4 at 195 K (Figure 3a, Figures S12, 
S21) whereas bnn-1-Ca-H2O exhibits a Type I CO2 isotherm at 
195 K. bnn-1-Ca is nonporous to CO2 under these conditions. 
Isosteric heats of adsorption, Qst, for H2 and Ne were determined 
from their respective adsorption isotherms (Figure 3c, Figures 
S22, S23) by fitting them to a virial-type expression (see methods 
section). Qst(H2) values at low loading for bnn-1-Ca-H2O and bnn-
1-Ca are 4.1 and 11.0 kJ·mol−1, respectively. The Qst(CO2) profile 
of bnn-1-Ca-H2O and Qst(H2) profile of bnn-1-Ca (Figure 3c) 
indicate that sieving does indeed occur vs. the larger gas 
molecules studied herein. The H2 isotherm collected at 77 K for  
 
Figure 4. a-c CO2, C2H2 and H2 binding sites in bnn-1-Ca-H2O, (Site A) 
respectively determined by simulated annealing calculations. d H2 binding site 
in bnn-1-Ca (site B), also determined by simulated annealing. Colour codes: 
carbon: black, calcium: blue, oxygen: red, hydrogen: white; except the 
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Figure 5. a Comparison of molecular size and boiling point of industrially important gases reveals similarity in one or both parameters for several sorbate pairs. b 
Pore contraction from bnn-1-Ca.H2O (left) to bnn-1-Ca (right) offers the first two-in-one molecular sieve where the phase behaviour is accompanied by different 
molecular sieving performances: the hydrated phase acts as a sieve for CO2 and C2H2 (under ambient conditions) whereas the dehydrated phase is the first H2 
selective non-membrane solid sieve (under cryogenic conditions). 
 
bnn-1-Ca allowed us to derive a Horvath-Kawazoe (H-K) pore 
size distribution of 3.1 Å (Figure 3d) consistent with its crystal 
structure (Figure 1c). The H-K pore size distribution profile for 
bnn-1-Ca-H2O indicated an ultramicropore of 3.4 Å (Figure 3d), 
also in agreement with its single crystal structure (Figure 1b). Two 
primary binding sites were identified through molecular modelling. 
Site A lies between water molecules for all three gases in bnn-1-
Ca-H2O (Site A; Figures 4a-c); Site B is adjacent to the calcium 
ion and coordinated carboxyl groups for H2 only in bnn-1-Ca (Site 
B; Figure 4d). A third minor site (higher energy, and lower 
occupancy) was observed for H2 only in bnn-1-Ca-H2O, nestled 
between carboxyl groups and the C−H moiety of the trimesate 
ligand (Site C; Figure S24). These modelled binding sites are 
consistent with our experimental sorption data and suggest that 
the coordinated water molecules in bnn-1-Ca-H2O enable a 
strong binding site for C2H2 (2.98 Å) and also interact with the C+ 
atom for CO2 (2.53 Å), both in Site A (Figures 4 a,b). These results 
indicate that coordinated water molecules strongly influence the 
sorption of molecules small enough to fit in the Site A pocket. In 
the case of H2 in bnn-1-Ca-H2O, simulated annealing indicates 
that, despite some occupation in Site C (Figure S24), Site A is 
preferred with HH2O–HH2 distances of 2.63-2.85 Å (Figure 4c). In 
bnn-1-Ca, the strongest H2 interactions were found at the Ca(II) 
unsaturated metal centres, UMCs. Figure 4d reveals that there is 
a concurrent interaction between (a) the slightly electropositive 
ends of an H2 molecule and (b) electronegative carboxylate 
oxygens (2.75-2.83 Å) and the electronegative centre of H2 with 
the electropositive Ca(II) (2.99 Å). In the absence of an external 
field, H2 has only a small quadrupole moment[32] and requires 
polarization for favourable binding interactions to occur. This can 
explain why H2 has a higher affinity for bnn-1-Ca vs. bnn-1-Ca-
H2O. Figures 4c,d comply well with the experimental observations 
in Figure S22. 
As detailed above, the close kinetic diameters of lightweight gas 
molecules with similar boiling points (Figure 5a) poses challenges 
for sorbent based i.e. non-membrane type, molecular sieves. In 
relation to the sieving of H2 from CO2 and N2, the pore window 
and/or the pore limiting diameter of sorbents determine the 
potential viability of sieving. For instance, in order to exhibit H2 
selective sieving from a binary H2/CO2 mixture, the pore diameter 
must be higher than the kinetic diameter of H2 (2.8 Å) but below 
the kinetic diameter of CO2 (3.3 Å). Despite the fact that 1726 
three-dimensional MOFs (from 12,020 MOFs in the CoRE MOF 
2019 database[33]) meet this pore size requirement (2.8 Å < pore 
limiting diameter < 3.3 Å, Figures S25−S27), to the best of our 
knowledge bnn-1-Ca is the first bulk, non-membrane type sorbent 
to exhibit H2/CO2 sieving at low temperature/ambient pressure. 
That N2 exhibits a higher kinetic diameter than CO2 indicates that 
bnn-1-Ca will also serve as a H2 selective sieve vs. N2 (Figures 3 
a,b). We note that the aforementioned search of the CoRE MOF 
2019 database (Figures S25−S27) is based upon structures 
obtained by deletion of solvent molecules from as-synthesised 
crystal structures. Therefore, the relatively high number of hits is 
only indicative as activation of as-synthesised forms could induce 
reversible or irreversible structure changes. 
The high H2 adsorption enthalpy in bnn-1-Ca can be correlated 
with the preferred binding site and its UMCs. Other UMC-rich 
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BTTri and Cr-BTT. These MOF benchmarks exhibit similar 
Qst(H2) values of 11.1, 10.5 and 10.0 kJ·mol−1, respectively.[34] 
That only Ne and H2 possess kinetic diameters smaller than the 
pore size of bnn-1-Ca enables it to block the entry of all other 
relevant gas molecules under cryogenic temperatures (Figures 3a, 
5a). In summary, bnn-1-Ca appears suitable to be explored by 
cryogenic DCB experiments. Our ambient conditions (298 K, 1 
bar) DCB results reveal that bnn-1-Ca-H2O efficiently separates 
CO2/N2 (15:85), CO2/CH4 (1:1) and C2H2/C2H4 (1:1) mixtures 
(Figure 2c, Figure S28).  In a sense Ca-trimesate is a two-in-one 
molecular sieve. This two-phase sieving is augmented by size-
selective H2 and CO2 sieving by bnn-1-Ca-H2O to block the larger 
molecules N2 and CH4 under cryogenic conditions (Figures S12, 
S13). 
Conclusion 
Whereas most polymer membranes are handicapped by a trade-
off between permeability and separation selectivity, < 4 Å pore 
size-controlled MOF membranes such as, ZIF-7, ZIF-8, ZIF-90 
could overcome these disadvantages to exhibit H2 selectivity.[35] 
However, such membranes often face challenges of 
processability and high cost of upscaling, rendering them 
unsuitable for large-scale separations. When a non-membrane 
powdered physisorbent is used to pack a fixed bed it has the 
potential to overcome these limitations thanks to controlled 
ultramicropores. “Ideal” separation therefore offers the promise to 
revolutionise molecular sieving technology.[22] Fine-tuning of 
sorbents to realise non-membrane type molecular sieving for 
even one of the sorbate pairs studied herein is rare and therefore 
understudied (Table S6).[36] However, thanks to the 
ultramicropore engineering approach reported herein (Figure 5b), 
a molecular sieve for H2 which is hitherto unprecedented in the 
MOF field is detailed. Given the large number of MOFs with 
coordinated water molecules, it seems likely that the controlled 
thermal dehydration approach presented herein will afford other 
examples of molecular sieving for hard-to-separate sorbate pairs. 
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